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Abstract 
 
Development and Evaluation of a Non-Invasive Core Temperature 
Monitoring System 
 
Emily Kathleen Cadic, MSE 
The University of Texas at Austin, 2012 
 
Supervisor:  Kenneth R. Diller 
 
Core body temperature is an important physiological parameter used to identify 
whether a patient displays a normal, hypothermic, or hyperthermic state.  It is routinely 
monitored during cardiac surgeries and general anesthesia.  Currently, the most effective 
methods for measuring core body temperature are also the most invasive.  While select 
devices have been designed to enable surface recording of internal temperature, none 
have been implemented in U.S.-based hospitals.  The objective of this study was to create 
a noninvasive core temperature sensor and evaluate its potential of becoming a widely 
used clinical tool.  In tissue phantom and human-based experiments, the prototype 
performed effectively and posed no safety risk.  Provided the prototype can be 
successfully translated into a more streamlined medical device, it stands to become a 
staple in operating rooms around the nation. 
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Chapter 1: Introduction 
Body temperature is an important factor to consider when caring for hospitalized 
patients.  Patients commonly experience hypothermic temperatures while they undergo 
cardiac surgery or general anesthesia [1].  Traumatic brain injury, on the other hand, can 
induce hyperthermia-level increases in core body temperature [2]. The core is defined to 
be the inner 80% of body mass [3], thus measuring core temperature tends to be an 
invasive procedure.  Some typical measurement sites include the nasal cavity [4], 
tympanic membrane, rectum, esophagus, and pulmonary artery.  The most faithful 
representations of the core temperature, the esophagus and pulmonary artery, require the 
most invasive measurement style [5]. 
Two types of devices have been developed to meet the demand for a noninvasive 
core measurement system, however, neither one has enjoyed widespread clinical use.  
The theoretical basis for a noninvasive temperature probe is that a relationship exists 
between surface heat flux and deep tissue temperature.  One of the devices uses built-in 
heaters to achieve zero heat flow at the surface where the probe meets the skin, thus 
creating balanced temperatures on either side of the interface [6,7]. While the idea of a 
“zero heat flow” probe to noninvasively measure core temperature is plausible, the 
current technology does not represent the ideal implementation.   
The objective of this research is to create a safe and effective prototype based on a 
modified zero heat flow probe design.  The first step in the process consisted of a transfer 
analysis to determine the appropriate size and composition of the probe, as well as heater 
configuration.  The analysis was carried out using both analytical and finite element 
solution methods.  Next, the heating apparatus was constructed using 80/20 nickel 
chromium alloy (nichrome) wires that were looped around the circumference of the probe 
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and powered by a controlled current source.  Finally, the performance of the new device 
was evaluated on both a tissue phantom and a human subject. 
A successful prototype represents a promising advancement toward a hospital-
ready noninvasive core temperature monitor.  Additional work will remain, however, to 
make the device more portable and automated.  If the prototype performs accurately, it 
has the potential to be transformed into a commercial device in the very near future.  
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Chapter 2: Background 
The new probe under consideration is a modified version of a device originally 
conceived by researchers Fox and Solmon in 1971.  Fox and Solmon’s thermometer is 
designed to noninvasively measure deep temperature using a concept known as the zero 
heat flow method.  While a noninvasive core temperature monitoring system would be 
highly advantageous for hospitals worldwide, the technology has not developed to such 
an extent. The Terumo Corporation in Japan remains one of the only entities that have 
pursued some version of the zero heat flow probe.  Terumo’s device, the CM-210, is a 
slightly adapted version of Fox and Solmon’s original design.  Studies have shown that 
the CM-210 reads accurately under normal physiological conditions, but its ability to 
detect abrupt changes in temperature has not yet been fully demonstrated [8].  
Researchers in Germany have investigated another option for noninvasively measuring 
deep tissue temperature, known as the double sensor.  Trials performed using the double 
sensor do not indicate that it could be a competitive substitution for the CM-120 [10].   
To become the foremost core temperature sensor the modified zero heat flow 
probe must unequivocally demonstrate a fast response time and high accuracy. This 
following chapter provides an overview of the proposed device in contrast to the current 
technology.  
 
2.1 ZERO HEAT FLOW CONCEPT 
The Fox/Solmon device is made up of an insulator sandwiched between two 
thermistors, with an electric heating element mounted at the rear. As the probe comes in 
contact with the skin surface, e.g. the forehead or sternum, a temperature gradient 
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develops across the insulating layer that can be quantified in terms of the differential 
signal generated by comparing the thermistor readings. The signal is used to control the 
current through the heater such that heat flow from the skin is counteracted and the 
temperature gradient is eliminated.  Upon reaching the zero heat flow at the probe 
interface, the thermistor reading will theoretically represent core body temperature [6,7]. 
 
 
 
Figure 1: Fox and Solmon’s zero heat flow sensor 
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2.2 CURRENT TECHNOLOGY 
As of now, the best device option for core temperature monitoring is the CM-210 
by Terumo.  The fact that it has not been adopted outside of Japan, however, indicates 
that its shortcomings are considered restrictive.  The main issue concerning the CM-210 
is that, while it has proven effective in cardiac surgeries involving slow temperature 
drops, it remains unclear if it can be useful for detecting sudden fluctuations that may 
occur during procedures such as anesthesia [8].  The new device should be designed for 
rapid response in order to serve a wider variety of clinical tasks, such as identifying the 
efficacy of therapeutic hypothermia treatment.  
The double sensor probe, on the other hand, is more limited by accuracy issues.  
The double sensor represents a much greater departure from the zero heat flow probe in 
its measurement style.  While it is built similarly to the original device shown in Figure 1, 
it does not use heaters to actively drive the surface heat flux to zero. Core temperature is 
not measured by the probe itself, but rather, calculated indirectly using an equation 
formulated by Gunga et al. The equation is based on the temperature readings from the 
two sensors inside of the probe, as well as the thermal properties of the probe and 
contacting tissue. In a report of their findings, Gunga et al concluded that the double 
sensor is an accurate means of determining core temperature in subjects performing 
strenuous activity in a warm or hot environment [9]. A follow-up article analyzing the 
ability of the device to measure core temperature changes due to circadian rhythms 
concluded that the double sensor was inadequate for use under resting conditions in a 
normal ambient environment [10].  The downfall of the double sensor approach may be 
that it relies on a fairly simplistic formula to represent a complex physiological process.  
The zero heat flow method would seem a much more rigorous technique to use as the 
foundation for the new probe design.  
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2.3 PROPOSED DEVICE 
To gain insight into how the delayed response of the CM-210 might be corrected 
in the new device, Pennes’ bioheat equation was considered. 
 
€ 
ρC ∂T
∂t = k∇T + ρbCbω b (Tb −T) +Qmet +Qext  
 
Equation 1: Pennes’ bioheat equation 
 
In normal physiology, the metabolic heat generated by the body, 
€ 
Qmet , is 
predominately absorbed by the circulatory system, which has a heat sinking capacity 
determined by the blood perfusion rate, 
€ 
ω b . The overall tissue temperature, T, is the 
result of heat transfer from the blood, defined by 
€ 
ρbCbω b (Tb −T) [11]. 
Terumo’s zero heat flow probe works by applying an external heat source, 
€ 
Qext , 
until a uniform tissue temperature, T, is established along the cross-section delineated 
from the skin surface to the core.  In other words, the non-core tissue regions are heated 
to match the core temperature. This is achieved partly by the insulating effect of placing 
the device directly on the forehead, and partly by the influx of heat generated within the 
device to compensate for surface losses. Temperature change in a biological medium, 
however, is a transient process; what would ideally be seen as an instantaneous response 
to the heat stimulus is therefore restricted by the specific time dependent relation set out 
in the bioheat equation. The response time of the CM-210 is delayed because it must 
provide sufficient heat flux to the blood for causing an increase in tissue temperature, yet 
can only do so via mild warming of the skin surface to ensure patient safety. 
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In contrast to the CM-210 device, the new probe is designed to accurately 
measure core temperature without manipulating the body’s natural temperature gradient.  
The probe is divided lengthwise into multiple segments whose temperatures are 
controlled by distinct heating elements. The segments are sized to represent the different 
tissue layers in a human head: skin, bone, meninges, and brain. By varying the 
temperature of the individual segments, the homogenous probe can be made to represent 
a heterogeneous slice of tissue.  If the actual temperature gradient inside of the head can 
be recreated along the length of the probe, then zero heat flow will be achieved based on 
symmetry.  Successfully mirroring the temperature profile inside of the head will require 
a certain degree of trial and error, however, this method will not be stunted by the time 
required to force a uniform temperature versus depth.  Once zero heat flow between the 
device and subject has been established, the core temperature should equal the 
temperature measured in its corresponding segment at the rear of the probe. 
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Chapter 3: Designing and Building the Probe 
The prototyping process began with an extensive design phase to determine the 
essential characteristics that the probe should possess.  The motivation behind much of 
the design came from finite element modeling (FEM).  FEM results were used as the 
guidelines for building the probe and the electronic heating system.  The probe was 
constructed in-house using a two-part casting method.  For the heating system, a PID-
controlled current source was developed using LabVIEW software and analog circuitry. 
 
3.1 MODEL-BASED DESIGN 
Various models were considered to determine how building a probe capable of 
emulating the thermal behavior of human tissue might be accomplished.  COMSOL 
Multiphysics software was employed to depict three major scenarios: bioheat transfer in 
the human head, thermal conduction in the probe, and resistive heat generation in the 
nichrome wire heaters. 
The bioheat transfer problem was the first to be considered.  The head was 
represented by a sphere, which was divided into three tissue layers corresponding to the 
skin, bone, and brain.  All of the information associated with this model is provided in 
Appendix 1.  The results of the simulation can be examined in Figure 2 as temperature vs. 
depth.  A steep temperature gradient is observed for a small change in depth. The core 
region is estimated to occur at approximately 2 cm, where the temperature falls within 
0.1° of the maximum value (37.16°C). The results of the model provide insight into how 
the probe should be subdivided in order to achieve a similar temperature gradient. 
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Figure 2: Temperature vs. depth in the human head model 
  
In a second model, heat conduction through the probe was analyzed.  A full 
description of the model is provided in Appendix 2.  The results were used to determine 
whether the centerline of the probe could be swiftly heated to the typical 37°C core 
temperature.  A cylindrical geometry was selected as the most intuitive shape for a probe.  
The geometry was assigned the thermal properties of polyurethane, a commonly used 
casting material.  The circumferential heating effect was created using a constant 
temperature boundary condition equal to 50°C, the maximum allowable temperature to 
ensure device safety.  The probe was given insulated ends so that the results of the 
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simulation could be compared to the analytical solution for an infinite cylinder (Appendix 
3). 
The results of the COMSOL trials as well as the analytical solution are 
summarized in Table 1. The 0.5” probe heats to the target temperature quickly, 
approximately four times faster than the 1” probe.  A greater size reduction would 
naturally have a more powerful effect, however, it might compromise handling ability 
while the device is in the prototyping stages.  The 0.5” probe is therefore a sensible trade-
off between size and response time.  
 
Table 1: Numerical vs. analytical solution of conduction in a cylinder 
 
Probe Size  0.5” 0.1” 
COMSOL 73 298 Solution  (s) Analytical 70 280 
 
 
The last of the three models simulated joule heating in the resistive nichrome wire 
(Appendix 4).  The results were used to identify the current level required to heat the wire 
to 50°C.  One of the most important parameters in this model was wire diameter. After 
evaluating different sizes, 30-gauge wire was selected because it is thin enough to be 
pliable but not so resistive that it becomes a cumbersome load on the system.  This is an 
important consideration in a design comprised of multiple heaters sharing a single power 
source.  
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The results indicate that the wire temperature will increase to 50°C in less than 1 
second of applying a 0.5A current.  The steady state temperature is 293.48°C, which is 
significantly higher than the expected value published by the wire retailer [12].  The 
discrepancy between the actual and expected value may be explained by the fact that the 
reference table was generated experimentally using pre-oxidized wire.  In order to 
confirm the validity of the model, then, the numerical solution was compared to an 
analytical solution obtained via the lumped capacitance method (Appendix 5).  The 
analytical solution yielded a steady state temperature of 293.2°C, thus the model seems to 
have been correctly formulated.   
As the model was developed, nichrome wire was purchased from Jacobs Online 
and tested on a DC power supply.  The wire performance showed better agreement to the 
retailer’s current-to-temperature table than to the COMSOL model.  The temperature rise 
associated with 0.5A is, in actuality, much more moderate than it was modeled to be.  A 
well-executed electronic design with PID-controlled current levels between 0-0.5A 
should provide a safe yet adequately powerful source for the heaters. 
 
3.2 BUILDING THE PROBE 
The completed probe is divided into four different heating segments 
corresponding to the tissue regions identified in Figure 2.  The length of the probe is 1.5” 
in order to capture the full temperature profile associated with the head model.  A finely 
threaded, 0.5” screw with a 1.5” shaft was replicated in polyurethane to form the body of 
the probe. 
An easy-to-follow procedure for casting parts was discovered online [13]. The 
required materials were purchased as a kit from Smooth-On, Inc. containing silicone 
rubber for the mold and polyurethane resin for the part.  The casting procedure is 
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illustrated in Figure 3.  First, the screw was encased in modeling clay and surrounded by 
Lego pieces to create one half of the silicone rubber mold. Registration holes were made 
in the clay to improve contact between the separate halves of the mold. The silicone was 
then slowly poured over the piece and allowed to cure overnight at which point the Lego 
box could be flipped over to repeat the process on the reverse side.  The final result is a 
reusable silicone rubber mold with each half formed into one half of the screw.  
 
 
 
 
 
 
 
 
 
Figure 3: Molding process 
 
The next step was to position the four internal thermocouples along the length of 
the mold that would become the probe shaft. A caliper was used to measure the distances 
between adjacent thermocouples, which were secured in place using thin sewing wire.  
Each thermocouple was placed at the midpoint of a heating region as shown in Figure 4 
(dimensions in centimeters).  Documentation of thermocouple locations inside of the 
probe will be a useful tool when arranging the tissue phantom experiment. 
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Figure 4: Probe internal thermocouple spacing  
 
 Finally, the polyurethane compound was poured through the top opening of the 
mold and allowed to cure for approximately 20 minutes. The newly formed probe was 
removed and the excess thread and resin was trimmed to create a smooth surface for 
winding the nichrome wire.  Different length strands of 30-gauge nichrome wire were 
coiled around the circumference of the probe to serve as the four heaters. The fine 
threading built in to the probe surface allowed each turn of wire to be nestled in place at a 
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precise interval.  Once the wire was properly positioned, it was fastened to the probe 
using kapton tape, which is both strongly adhesive and electrically insulating to prevent 
interaction between adjacent wires.  The finished product pictured below is ready for 
interface with the electronic system; the untrimmed wires on either end of each coil will 
eventually be attached to current-carrying wires. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Probe after casting 
 
3.3 BUILDING THE ELECTRONIC SYSTEM 
 Abundant resources were available for building the temperature controller: 
National Instruments (NI) LabVIEW software, an NI Elvis II prototyping board, and a 
host of analog circuit components offered to students free of charge in the BME and EE 
departments at the University of Texas.  The design was also subjected to a few 
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constraints, however, such as the minimum power level needed to drive the resistive wire 
loads and induce an adequate temperature rise.   
Another constraint to the design was the number of available output channels on 
the Elvis II for generating a control signal.  Ideally, there would be 4 hardware-timed 
analog output channels, each one associated with a different heater; the Elvis II, however, 
is equipped with only two.  The solution to this problem was to emulate the effect of an 
analog output using the digital ports in series with an analog-to-digital converter built out 
of operational amplifiers on the prototyping board.   
The schematic in Figure 6 demonstrates how 4 digital output channels can be 
configured to produce an analog signal with 16-bit resolution.  Each channel sources 
either 0V or 5V, depending on a four-digit binary combination determined in LabVIEW.  
The channels form the input branches of a summing amplifier, which generates an output 
voltage equal to 5V times the gain.  The signal is then routed through a second 
operational amplifier to downscale the voltage by ¾ and revert the signal to a positive 
value.  An identical setup was built for each heater, requiring 16 digital channels of the 
24 total available on the Elvis II. 
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Figure 6: Digital-to-analog converter design 
 
The four-digit binary combination seen at the digital output channels serves as the 
basis for the ultimate magnitude of the analog signal and therefore, directly related to the 
power demanded by the heater to reach the desired temperature.  The power requirements 
are calculated in LabVIEW using PID control theory and quantified in terms of “duty 
cycle.”  The relationship between the duty cycle and the binary output is reported in 
Table 2 along with the resulting analog voltage.  
 
 17  
Table 2: Relationship between the binary output and analog signal 
 
Duty Cycle (%) Binary Combination Vout (theoretical) Vout (actual) 
0-3.33 0000 0 noise 
3.33-10 0001 0.46875 0.448 
10-16.67 0010 0.9375 0.922 
16.67-23.33 0011 1.40625 1.38 
23.33-30 0100 1.875 1.83 
30-36.67 0101 2.34375 2.3 
36.67-43.33 0110 2.8125 2.77 
43.33-50 0111 3.28125 3.23 
50-56.67 1000 3.75 3.7 
56.67-63.33 1001 4.21875 4.16 
63.33-70 1010 4.6875 4.63 
70-76.67 1011 5.15625 5.08 
76.67-83.33 1100 5.625 5.55 
83.33-90 1101 6.09375 6.01 
90-96.67 1110 6.5625 6.46 
96.67-100 1111 7.03125 6.93 
 
The amplifier output voltage alone would not be suitable for powering the heaters 
due to insufficient current levels. Creating a current source, however, required the 
addition of only two new components, and NPN transistor (TIP120) and a 12Ω power 
resistor.  The output of the second amplifying stage was connected to the base of the 
TIP120 and the power resistor was connected to the emitter.  The collector of the 
transistor was connected to a current carrying wire that was joined with one of the 
nichrome wire leads inside of a crimp tube.  The opposite end of the nichrome wire 
bundle was crimped onto a wire that connected to the positive terminal of a power supply 
unit.  As another precaution against short-circuiting in the nichrome wire, a 0.75A fuse 
was added in series with each of the heaters.  A schematic featuring the transistor-to-
probe connections can be found in Figure 7. 
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Figure 7: Nichrome heater current source 
 
The maximum current flow through the heater occurs at highest input voltage 
(7V) when all of the digital ports are “on.”  This was measured experimentally as roughly 
0.5A, which is somewhat less than the ideal current limit defined by I = V/R due to the 
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voltage drop that occurs across the different components.  As discussed in the preceding 
chapter, 0.5A will serve as an acceptable maximum current level. 
To meet the power demands of the system, a 13.8V/10A supply manufactured by 
Pyramid Car Audio was selected.  The unit is capable of sourcing more than enough 
current to the four parallel heaters, which together require a maximum of 2A.  
Furthermore, this power level guarantees successful operation of the TIP120 transistors 
subject to the given load. 
 
3.4 TUNING THE PID CONTROLLER 
After the electronic system was built, it was refined to enable automatic control of 
probe temperature.  PID control was chosen as the temperature regulation method, as it is 
a well-established approach that can be easily implemented in LabVIEW.  Figure 8 
illustrates how the PID algorithm is integrated into a closed loop control system: the PID 
receives information about the process from a sensor, i.e. thermocouple, and adjusts the 
signal sent to an actuator, i.e. heater, in order to bring about a desired condition, i.e. 
constant temperature.  
 
 
 
Figure 8: Closed-loop heater control system 
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In LabVIEW, the PID controller is programmed to periodically output a duty 
cycle, a percentage based value that was related to the signal sent to power the heaters in 
Table XX.  The duty cycle is determined via Equation 1, the PID control algorithm. The 
unknown value “e” is called the error signal, defined as the difference between the actual 
process variable and the desired set point.  The three terms in the equation represent the 
respective proportional, integral, and derivative actions contributing to the overall 
controller output brought forth to minimize the error signal.  In a properly tuned, stable 
PID controller, the error signal is maintained at approximately zero with only slight 
oscillations. 
 
€ 
u(t) = Kpe(t) +Ki e(τ)dτ +Kd0
t
∫ ddt e(t)  
 
Equation 2: PID Control Equation 
 
 Tuning a PID controller amounts to selecting the coefficients Kp, Ki, Kd that 
produce an ideal response in the system, and oftentimes requires a trade-off between 
speed and stability.  Determining the appropriate coefficients for the probe controller was 
a challenging task due to the nonlinear nature of the system.  In the probe system, the 
thermocouples are located at a distance of 0.25” from the heaters and the response to a 
new stimulus cannot be immediately detected. As such, the PID controller was set to 
calculate every 2 seconds, a relatively slow cycle time designed to account for diffusion 
across the probe.  As different PID coefficients were tested, there did not appear to be an 
acceptable combination to prevent the process variable from overshooting the set point 
temperature. One measure that proved effective in limiting the overshoot, however, was 
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to reduce the maximum allowable duty cycle to 50% of capacity.  That, and the addition 
of an insulating foam layer around the outside of the probe, created more favorable 
conditions for finalizing the coefficients listed in Table 31.  
 
Table 3: PID controller coefficients for the zero heat flow probe 
 
Kp Ki Kd 
30 1 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1PID coefficients are denoted in LabVIEW as KP, Ki=KP/Ti, and Kd=KP*Td 
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Chapter 4: Experimental Methods 
Several experiments were performed to evaluate the performance of the probe.  
The majority of the tests were conducted on a tissue phantom that was designed to mimic 
a human head.  The tissue phantom experiments were valuable for characterizing the 
probe under controlled conditions.  Once the probe was better understood, it was tested 
on a human subject to provide a true confirmation of its clinical viability.      
 
4.1 TISSUE PHANTOM EXPERIMENTS 
 A multilayer tissue phantom was developed to represent the human head.  As in 
Section 3.1, the tissue was differentiated into skin, bone, and brain layers.  The brain and 
skin layers were created from a mixture of water and TX-151, a gelling compound 
manufactured by Oil Center Research Institute that has become a fixture in tissue 
phantom fabrication for physiological studies [14].  The mixing ratio was varied between 
the skin and brain layer by increasing the water content from 75% to 85% water in order 
to reflect the rise in thermal conductivity that occurs in deeper, well-perfused tissue.  The 
bone layer was created using a 1:1 mixture of water and Plaster of Paris, a calcium sulfate 
compound that has been used therapeutically for bone cell regeneration [15].  
The mixing process was carried out swiftly, as the mixed ingredients will harden 
soon after the water and powder come into contact. Mixing with 10°C water helped delay 
hardening and provide ample preparation time.  The mixture was immediately transferred 
to a square Lego mold box placed over a sheet of wax paper.  A second sheet of wax 
paper was used the seal the top surface and allow moisture retention.  After all of the 
phantom layers were completed, they were stacked and covered with Saran wrap for the 
duration of the study. 
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Throughout the experiments, the base of the tissue phantom is exposed to a warm 
water bladder in order to create a temperature gradient similar to the one that is 
physiologically observed (Figure 9).  Warm water is pumped to the bladder from a cooler 
containing an immersion heater (Chromolox, Inc).  The water bath temperature can be 
varied to simulate different physiological conditions by adjusting the heater level and/or 
adding ice to the cooler.  
 
 
 
Figure 9: Tissue phantom experimental setup 
  
 The key measurement used to verify the efficacy of the device comes from the 
heat flux sensor (HFS-4, RdF Corporation) placed at the interface between the tissue 
phantom and the probe.  A good method for creating solid contact between the three 
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components was to first attach the heat flux sensor to the tip of the probe using kapton 
tape, then place the probe on the phantom, securing everything with duct tape.  In 
addition to the heat flux measurement, four thermocouples are placed within the tissue 
phantom at the same intervals used in the probe (Figure 10).  The probe temperatures can 
then be matched to the corresponding phantom temperatures using the PID-controlled 
heaters.  As the experiment progresses, the probe will reach an effective operating state 
once 1) the heat flux sensor reads approximately zero and 2) the temperature profile of 
the probe is roughly identical to that of the phantom.   
  
 
Figure 10: Probe and phantom configuration 
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4.2 HUMAN EXPERIMENT 
The tissue phantom experiments were followed up with a human-based 
experiment.  Dr. Kenneth Diller, the supervisor of this research, served as the volunteer 
subject.  The device was secured onto his forehead using surgical tape.  A thermocouple 
was placed adjacent to the heat flux sensor below the outer foam layer of the probe.  The 
subject was also instrumented with nasal, tympanic2 and esophageal thermocouples to 
provide comparison measurements of core temperature (Figure 11). 
Since the device has not yet been automated, the administrator was responsible 
for manually adjusting the setpoints assigned to TP1-TP4 throughout the experiment.  
The approach that was taken was to match TP4 to the esophageal temperature and select 
values between Tesophagus and the Tforehead for TP3, TP2, and TP1. 
 
 
 
 
 
 
 
 
 
 
 
 
2Possibly a more fitting name is simply “ear”, as probing the tympanic membrane typically requires an 
experienced healthcare professional [5] 
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Figure 11: Setup for the human-based experiment 
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Chapter 5: Results and Analysis 
5.1 TISSUE PHANTOM EXPERIMENTS 
The probe acquires the same temperature profile as the phantom (±0.2°C) in 
approximately 20 minutes (Figure 12).  The delay can be attributed to the heater control 
system, which was tuned to avoid overshoot by allowing only gradual increases in 
temperature.  Figure 13 validates this tuning approach: the probe takes much longer to 
dissipate heat than it does to absorb it.  As this device undergoes further development, 
however, a more ideal time constant can most likely be achieved.  The final probe will 
undoubtedly have a microcontroller in place the electronic system described in Chapter 3, 
which can be used to program different heating effects.  For instance, a pre-heating stage 
can be implemented prior to PID control, so that the probe is initially within closer range 
of the setpoint temperatures.  Unlike the delay associated with the CM-210, which was 
caused by a fundamental design issue, the delay observed in the modified prototype 
should be correctable.   
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Figure 12: Ramp up behavior of probe on phantom 
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Figure 13: Post-heating settling behavior of the probe 
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In order to be considered a useful monitoring tool, the probe must be responsive 
to temperature fluctuations that are prone to occur over time in any individual.  Figure 14 
contains data from an experiment in which the water bath heating the phantom happened 
to be exhibiting temperature oscillations.  This data was collected earlier in the 
experimentation process when some of the phantom and probe temperatures specified in 
Figure 10 were not yet being considered, therefore only the relevant temperature sites 
have been included.  The results from this experiment provide evidence that the probe is 
capable of producing accurate readings throughout a long-term monitoring period in 
which temperature fluctuations on the order of 0.5°C might occur. 
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Figure 14: Probe response to fluctuations in the water bath temperature 
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Figure 15 demonstrates how the probe would function in the context of sudden 
hypothermia.  To simulate hypothermia, water heater was turned off and ice was added to 
the contents of the cooler.  As the temperature plummets, the corresponding regions in 
the probe and phantom stay very well matched.  There is, however, an upper bound on 
the maximum temperature drop that can suddenly be induced in the probe, stemming 
from the fact that heat loss from the probe to the ambient is a slower process than 
conduction between the tissue phantom and the water pad. This poses no problem for the 
portions of the probe that reproduce the more superficial regions of the phantom, but it 
causes Tprobe4 to lag behind Tcore.  Aside from the minor delay in Tprobe4, the device is 
highly responsive to the rapid temperature decline, thus showing potential as a new 
monitoring tool for therapeutic hypothermia treatment or anesthesia administration. 
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Figure 15: Probe response to a sudden hypothermic event 
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The next set of experiments addressed whether zero heat flux could in fact be 
achieved with the new probe design.  Zero heat flux was defined experimentally as a 
reading between ±0.5 W/m2K.  Figure 16 represents a trial in which excellent temperature 
matching occurred between the phantom and the probe, yet the surface heat flux 
measurement deviated from expectation.  The problem was thought to originate from the 
heater closest to the surface in that it might be overpowering the influx at the sensor, 
thereby canceling out the overall effect of the probe.  In the next experiment, the issue 
was corrected by implementing on/off control: the first heater is turned “on” when the 
heat flux reads below zero and “off” when the heat flux climbs above zero.  The results of 
a statistical analysis performed on the data from the successful trial are provided in Table 
4. 
 35  
 
 
Figure 16: Initial attempt at achieving zero heat flow 
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Figure 17: Successful attempt at achieving zero heat flow 
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Table 4: Statistics from Figure 17 experiment (after t = 10 min)  
 
 Average Temperature (°C) Percent Error 
Tprobe1 35.35 ± 0.041 
Tskin 35.44 ± 0.027 
0.248 
Tprobe2 35.99 ± 0.040 
Tbone 35.88 ± 0.026 
0.299 
Tprobe3 36.69 ± 0.034 
Tprecore 36.69 ± 0.024 
0.0718 
Tprobe4 37.52 ± 0.037 
Tcore 37.52 ± 0.024 
0.0716 
 Average Heat Flux (W/m2) Average Error 
Qinterface -0.075 ± 0.2064 
Comparison 0 
0.075 
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5.2 HUMAN-BASED EXPERIMENT 
The device transitioned smoothly from use on a tissue phantom to the first human 
subject (Figures 18, 19 and Table 5).  Zero heat flow (±0.5 W/m2K) was achieved in 
approximately 12 minutes, a sizeable reduction in the time delay associated with the 
tissue phantom experiments3.  It appears that appropriate values were selected as the 
probe temperature setpoints throughout the experiment, with the exception of t = 21-24 
minutes (see Appendix 7 for further information).  Overall, this experiment provides 
compelling evidence that the modified zero heat flow probe can be safely and effectively 
used on a patient.   
 
 
 
 
 
 
 
 
 
 
 
 
3A dotted line is used where data points have been removed. The heat flux sensor is susceptible to sudden 
malfunction caused by motion of its thin wire leads in the recording module.  The leads were be removed 
and reinserted upon noting a misrepresentative heat flux reading.  
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Figure 18: Heat flux and temperature matching in the human subject trial 
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Figure 19: Close-up view of Figure 18 to show zero heat flow  
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Table 5: Statistics from Figure 19 experiment 
 
 Average Temperature (°C) Percent Error 
Tprobe4 38.302 ± 0.036 
Tesphageal 38.375 ± 0.0203 
0.1954 
 Average Heat flux (W/m2) Average Error 
Qinterface 0.0301 ± 0.2048 
Comparison 0 
0.0301 
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5.3 CONCLUSION 
Experimentation showed that the device operates as it was designed.  In tissue 
phantom trials and in application to a human forehead, zero heat flow can be met and 
maintained under the condition of symmetric temperature profiles.  When applied to a 
human subject, the time delay for an accurate reading is substantially reduced in 
comparison to the tissue phantom results.  It is expected that as the heater control system 
is refined in future designs, the time delay will be reduced even further.  Future design 
efforts will also focus on the automation of probe temperature setpoints.  In the previous 
experiments, the probe setpoints were directly related to known phantom or core 
temperature measurements.  The final device will require an algorithm to independently 
select reasonable setpoint values, then hone in on the most ideal temperature profile for 
inducing zero heat flow.  Based upon the success of the prototype, further development of 
the modified zero heat flow sensor could result in a standard of care core temperature-
monitoring device.  
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Appendices 
 
APPENDIX 1: COMSOL MODEL OF BIOHEAT TRANSFER IN THE HEAD 
 
Table 6: Head model properties [16] 
 ρ (kg/m3) k 
(W/m*K) 
Cp (J/kg*K) Thickness (m) 
Brain 1050 0.51 3630 0.002 
Bone 1500 0.3 1800 0.006 
Skin 1114 0.43 3250 0.08 
 
Table 7: Bioheat equation inputs [16] 
 ωb (1/s) Qmet (W/m3) Tb (K) ρb (kg/m3) Cpb 
(J/kg*K) 
Brain 0.0088 6385 310.15 1060 4270 
Bone 8.875e-5 68 310.15 1060 4270 
Skin 8.875e-4 271 310.15 1060 4270 
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Figure 20: Temperature profile in the head model 
Boundary Conditions: Tambient = 296.15, convection (h = 10 W/m2K), 
radiation (ε = 1) 
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APPENDIX 2: COMSOL MODEL OF CONDUCTION IN A CYLINDER 
 
Table 8: Probe conduction model inputs [17] 
 
ρ (kg/m3) Cp  (J/m*K) k (W/m*K) 
1200 1390 0.2 
 
 
 
 
 
Figure 21: Temperature profile when Tcenterline reaches 37°C 
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Figure 22: Time to develop Tcenterline = 37°C in a 1” diameter probe 
 
 
Figure 23: Time to develop Tcenterline = 37°C in a 0.5” diameter probe 
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APPENDIX 3: ANALYTICAL SOLUTION OF CONDUCTION IN A CYLINDER 
 
Equation 3: Governing equation of 1D unsteady conduction in an infinite cylinder [18] 
 
€ 
∂T
∂t =
1
r
∂
∂r r
∂T
∂r
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟  
 
    Solution: 
 
€ 
θ* = Cn
n=1
∞
∑ exp(−ζn2Fo)Jo(ζnr*)
where θ* = Tc −TsT0 −Ts
and r* = rR
 
 
Equation 4: Finding 
€ 
Cn  and 
€ 
ζn  (
€ 
Bi = ∞  for a constant temperature boundary 
condition) 
 
€ 
Cn =
2
ζn
J1(ζn )
Jo2(ζn ) + J12(ζn )
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥  
 
€ 
ζn
J1(ζn )
Jo(ζn )
⎡ 
⎣ 
⎢ 
⎤ 
⎦ 
⎥ = Bi  
 
Equation 5: One-term approximation of the solution, assuming 
€ 
Fo > 0.2 
 
€ 
θ* = C1
n=1
∞
∑ exp(−ζ12Fo)
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Table 9: Analytical Heat Conduction inputs and solution 
 
 d = 1” d = 0.5” 
To (°C) 25 25 
Ts (°C) 50 50 
Tc (°C) 37 37 
C1 1.602 1.602 
ζ1 2.4048 2.4048 
Fo 1.86E-4t 7.43E-4t 
t (s) 279.6 69.9 
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APPENDIX 4: COMSOL MODEL OF JOULE HEATING  
Table 10: Joule Heating model inputs [19] 
 NiCr 
ρ (kg/m3) 8400 
k (W/m*K) 13 
Cp (J/kg*K) 450 
ε 0.79 
Radius (m) 0.000127 
Resistivity ρe (Ω*m) 1.12E-6 
 
 
 
 
Figure 23: Temperature profile in a joule heated wire 
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APPENDIX 5: ANALYTICAL SOLUTION OF JOULE HEATING  
 
Equation 6: Lumped Capacitance Assumption for 
€ 
Bi < 0.1 [18] 
 
€ 
Qsource =Qconvection +Qradiation
J 2ρeAcL = hAs(T −T∞) +σεAs(T 4 −T∞4 )
J = 0.5AAc
=
0.5
π (0.000127)2 = 9.87E6
J
m2
ρe =1.12E − 6Ω*m
L = 0.4 m
h =10 W m 2K
As = 2π (0.000127) = 7.98E − 4 m2
T∞ = 296.15 K
σ = 5.67E - 8 W m 2K 4
ε = 0.79
⇒ T = 293.2°C  
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APPENDIX 6: HIGHLIGHTS OF THE ELECTRONIC HEATER CONTROL SYSTEM 
 
 
 
Figure 24: Digital-to-analog circuitry 
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Figure 25: Current-controlled power source 
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Figure 26: Probe connected to current-carrying wires 
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APPENDIX 7: SUPPLEMENTARY DATA FROM HUMAN-BASED EXPERIMENT 
 
 
Figure 27: Probe temperatures in human-based experiment 
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Figure 28: Core temperatures during human-based experiment 
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APPENDIX 8: DISCLOSURE STATEMENT 
The device that has been developed in this research is a zero heat flow 
temperature sensor for monitoring core body temperature.  The original zero heat flow 
sensor was invented by Fox and Solmon and patented in 1976 (U.S. Patent 3933045).  
More recently, modified versions of the original device have been accepted for patent 
(5884235 and 20110249699).  The device described in this report is distinctly different 
from all of the above.  It possesses a unique geometry with a much longer cylindrical 
body.  Multiple heating elements are used to provide segmented rather than uniform 
heating.  The device contains a heat flux sensor rather than two interspaced temperature 
sensors for identifying zero heat flow.  Furthermore, it operates on the basis of creating 
symmetric rather than constant temperature profiles to attain zero heat flow. 
This modified design represents the shared intellectual endeavor of colleagues 
Emily Cadic, Kenneth Diller, Daniel Hensley, and Andrew Mark.  As our design is 
finalized, it may be equipped with features not seen in this report, for instance, a 
thermoelectric cooler to enhance rapid hypothermia detection. 
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